Primary ciliary dyskinesia (PCD) is a ciliopathy characterized by airway disease, infertility, and laterality defects, often caused by dual loss of the inner dynein arms (IDAs) and outer dynein arms (ODAs), which power cilia and flagella beating. Using whole-exome and candidate-gene Sanger resequencing in PCD-affected families afflicted with combined IDA and ODA defects, we found that 6/38 (16%) carried biallelic mutations in the conserved zinc-finger gene BLU (ZMYND10). ZMYND10 mutations conferred dynein-arm loss seen at the ultrastructural and immunofluorescence level and complete cilia immotility, except in hypomorphic p.Val16Gly (c.47T>G) homozygote individuals, whose cilia retained a stiff and slowed beat. In mice, Zmynd10 mRNA is restricted to regions containing motile cilia. In a Drosophila model of PCD, Zmynd10 is exclusively expressed in cells with motile cilia: chordotonal sensory neurons and sperm. In these cells, P-element-mediated gene silencing caused IDA and ODA defects, proprioception deficits, and sterility due to immotile sperm. Drosophila Zmynd10 with an equivalent c.47T>G (p.Val16Gly) missense change rescued mutant male sterility less than the wild-type did. Tagged Drosophila ZMYND10 is localized primarily to the cytoplasm, and human ZMYND10 interacts with LRRC6, another cytoplasmically localized protein altered in PCD. Using a fly model of PCD, we conclude that ZMYND10 is a cytoplasmic protein required for IDA and ODA assembly and that its variants cause ciliary dysmotility and PCD with laterality defects.
Motile cilia are present on various epithelial surfaces, including the respiratory airways, brain ependyma, and fallopian tubes, and are structurally similar to sperm flagella. 1 Their core axoneme is composed of nine peripheral outer doublet microtubules surrounding a central-pair microtubule apparatus (9þ2 arrangement), whereas motile embryonic node monocilia lack the central-pair apparatus (9þ0 arrangement). Structures attached along the axoneme govern ciliary beating via a highly regulated and synchronous sliding between microtubules (innerdynein-arm [IDA] and outer-dynein-arm [ODA] motor complexes) and regulate dynein activity (radial spokes and nexin-dynein regulatory complexes). Studies of ciliated organisms, including Chlamydomonas, Paramecium, Xenopus, Planaria, trypanosomes, and Drosophila, 2-4 have helped to show that the axoneme is a superstructure facilitating both axoneme bending via the dynein motors' ability to walk along the microtubules in a minus-ended fashion 5 and signal communication between the central apparatus and dynein arms to regulate ciliary motility. Primary ciliary dyskinesia (PCD [MIM 244400]) is a genetically heterogeneous autosomal-recessive disorder affecting 1 in 15,000-30,000 births and is caused by abnormal function of motile cilia and flagella. [6] [7] [8] Abnormal motility is associated with axonemal ultrastructural defects, giving rise to symptoms including sinopulmonary disease, which is due to impaired mucociliary transport in the airways and which manifests with perinatal respiratory distress, chronic respiratory infections, rhinosinusitus, otitis media, and bronchiectasis. 8 Subfertility can occur in both sexes, and in about half of affected individuals, situs abnormalities are linked to isomerism and, in some cases, congenital heart defects; 9 hydrocephalus is a rare association. Mutations that cause PCD have been reported in 19 genes, all of which are associated with various ultrastructural defects, in addition to RPGR (MIM 312610), mutations in which might contribute to syndromic PCD. 10 These 19 genes include those encoding axonemal proteins of the ODA or its docking complex (DNAH5, DNAH11, DNAI1, DNAI2, DNAL1, TXNDC3, and CCDC114), [11] [12] [13] [14] [15] [16] [17] [18] the radial spoke heads (RSPH4A and RSPH9), 19 the central-pair apparatus (HYDIN), 20 or the nexin-dynein regulatory complexes (CCDC164, CCDC39, and CCDC40). [21] [22] [23] A distinct set of six proteins altered in PCD are either solely localized to the cytoplasm or found in both the cytoplasm and the axoneme: DNAAF1 (LRRC50), DNAAF2 (KTU), DNAAF3, CCDC103, HEATR2, and LRRC6. [24] [25] [26] [27] [28] [29] [30] These are most likely involved in the cytoplasmic preassembly of dynein-arm complexes prior to their movement into the axoneme and/or in axonemal transport and attachment processes for the dynein-arm complexes. Variants in these six proteins are associated with a simultaneous ODA and IDA loss, a defect found in a significant proportion (24%-45%) of PCD cases (the variability is due in part to the difficulty in visualizing the IDA by transmission electron microscopy [TEM]). [31] [32] [33] To determine the full spectrum of genetic defects causing IDA and ODA loss in individuals affected by PCD, we analyzed 38 unrelated PCD-affected families, representing a total of 60 affected individuals displaying reduced or absent IDA and ODAs in nasal biopsies. Signed and informed consent was obtained from all participants according to protocols approved by the institutional ethics review boards, and all cases were diagnosed with classic clinical PCD symptoms, including recurrent respiratory tract infections, chronic sinusitis, rhinitis, otitis media, bronchiectasis, and laterality and fertility defects. We first used next-generation whole-exome sequencing (WES) to analyze an affected individual from 11 of these PCD-affected families by performing exome capture by in-solution hybridization followed by massively parallel sequencing. Approximately 3 mg of genomic DNA was sheared to a mean fragment size of 150 bp (Covaris), and the fragments were used for Illumina paired-end DNA library preparation and enrichment for target sequences (Agilent). Enriched DNA fragments were sequenced with 100 bp paired-end reads (HiSeq2000 platform, Illumina). Sequencing reads were aligned to the reference human genome with Novoalign (Novocraft Technologies) and the Burrows-Wheeler Aligner. Duplicate and multiple mapping reads were excluded, and the depth and breadth of sequence coverage was calculated with the use of custom scripts and the BedTools package. 34 Single-nucleotide substitutions and small indels were identified with SAMtools and Pindel and were annotated with the ANNOVAR tool.
Variant calling was performed with a previously published in-house pipeline. 35 More than 5 Gb of sequence was generated per sample; >75% of the target exome was present at >20-fold coverage, and >95% was present at 5-fold coverage. We focused on homozygous and compound-heterozygous nonsynonymous or splice-site substitutions or indels that are either absent from or present with a frequency < 0.01 in the 1000 Genomes Project. 36 We further filtered variants by removing any that are present at a frequency > 0.01 in 700 in-house non-PCD control exomes.
We found that out of a total of 23, 21, and 24 biallelic variants of interest fitting the filtering criteria, biallelic variants in ZMYND10 (MIM 607070; RefSeq accession number NM_015896.2) were shared by one affected individual from each of families UCL-88, UCL-142, and UCL-157, respectively. ZMYND10 is present in the Cildb ciliome database. 37 It was also reported to have a likely role in ciliary motility because its expression is 14-fold higher in ciliated primary human airway epithelial cells upon stimulation of ciliogenesis by transfer to air-liquid interface culture 38 and from expression profiling of bronchial biopsies from PCD cases. 39 The exome-sequencing coverage in the three affected individuals is detailed in Figure 1A and Figure S1 ). Three more unrelated PCD cases carrying ZMYND10 variants were then identified from Sanger sequencing of ZMYND10 in a cohort of 27 Figure 1A ). The mutations in family GVA-09, first described in 2000 as showing linkage to ZMYND10 with a ''potentially interesting'' maximum nonparametric LOD score of 1.41, 40 were also detected in a separate WES study performed on the two affected children and their unaffected sibling, II:3 (Table S4) . Here, after filtering, ZMYND10 was the best scored option with reference to autosomal-recessive inheritance of variant homozygosity in this consanguineous pedigree (Table S5) . Segregation analysis was performed in all three families and was again consistent with an autosomalrecessive disease-inheritance pattern ( Figure 1A and Figure S1 ).
The mutation summary and clinical information for the affected individuals carrying ZMYND10 mutations from all six families are shown in Table S6 . The missense substitutions (p.Val16Gly, p.Leu39Pro, and p.Leu266Pro) were predicted to be ''damaging'' and ''probably damaging'' by SIFT and PolyPhen-2, respectively. Moreover, all three residues affected by missense variants are well conserved in ZMYND10 orthologs in other ciliated species ( Figure 1C and Figure S2 ). Protein modeling shows that ZMYND10 contains four conserved classical LxxLL protein-binding motifs, in addition to its C-terminal MYND zinc-finger domain, implying that it requires interacting partners for its function. In proteins of this family, amino acid substitutions at any of the leucines within the LxxLL motif abrogate function. 41 The first residue of the ZMYND10 LYNLL motif (at residues 266-270), which is the best conserved motif across vertebrates and also in the flagellate protozoan Trypanosoma brucei, is changed by the p.Leu266Pro missense variant in family GVA-09. This proline substitution might be damaging by creating a kink in the predicted coiled LxxLL motif, and this lends support to the functional significance of this motif ( Figure 1C ). TEM of nasal biopsy respiratory cilia cross-sections (prepared as previously reported 32 Figure S3 ). An apparent accumulation of staining in the peribasal area of the affected individual's cilia was noted, especially for DNAH5, indicating that these dynein-arm components might be retained in the cytoplasm, but not successfully assembled and/or transported to the axoneme. To gain insights into the pathogenic nature of these ZMYND10 mutations, we performed high-speed video microscopic analysis of the affected individuals' nasal cilia. Compared to controls, cases showing a complete absence of IDAs and ODAs (UCL-88 II:2, UCL-226 II:2, and UCL-233 II:2) had cilia that were almost completely static, consistent with other mutations associated with IDA and ODA defects (Movies S1 and S2). [24] [25] [26] [27] [28] [29] [30] In contrast, a significant motility was retained by cilia from the c.47T>G (p.Val16Gly) homozygous individual UCL-142 II:1 in whom the dynein arms were partially retained. However, there was a slowed and stiff beating pattern that lacked the normal beat amplitude (a fully extended forward power stroke and backward recovery stroke) seen in controls (Movies S3 and S4); the reduced ciliary beat frequency had a median of 3.97 Hz (range ¼ 2.92-5.24 Hz) compared to the normal range of 4-7 Hz at room temperature. Consistent with this, the IDAs and ODAs were also reported to be reduced, but not absent, in cilia in affected individuals from family UCL-157, which also carries homozygous c.47T>G (p.Val16Gly) mutations. In addition, cilia motility was recorded as variable in family UCL-157: cilia from affected individual II:4 were almost static, whereas II:5 had more normal motility (Table S6) . ZYMND10 orthologs are found widely in ciliated eukaryotes, and notably, no ortholog exists in Caenorhabditis elegans, which has only immotile cilia. There is, however, an ortholog in both Ostreococcus, a green alga that lacks cilia but retains IDA genes, and Physcomitrella, a moss with motile flagellated sperm. The mouse ortholog (Zmynd10) is enriched in the testes and is 1 of 99 genes whose expression pattern is correlated with tissues rich in ciliated cells. 42 In humans, alternative splicing leads to two ZMYND10 isoforms differing across 35 centrally positioned amino acids; these are expressed in the testes and lungs (we note that the five sequence variants identified here would equally affect both transcripts). 43 ZMYND10
(also known as BLU) is within a tumor-suppressor gene cluster in chromosomal region 3p21.3 and has been found to be inactivated in common human cancers, including lung, nasopharyngeal, and ovarian cancers, but no susceptibility variants have been identified as of yet. 44 To investigate the ciliary role of ZMYND10, we determined the tissue distribution of Zmynd10 expression in mouse embryos at embryonic day 18.5 by in situ hybridization as previously described. 19 This showed specific expression in the ciliated epithelial layer associated with nasal and lung epithelium (Figures 2A and 2B and Figure S4 ). This restricted expression in regions where motile cilia are located replicates the localization pattern of other proteins that cause PCD when deficient. 11, 19 For functional evaluation of ZMYND10, we turned to a Drosophila model using flies maintained on standard media at 25 C and a w 1118 strain as a wild-type control. In Drosophila, sensory neurons and sperm are the only cells that bear cilia or flagella. We recently noted that the Drosophila ortholog of ZMYND10, CG11253 (referred to here as Zmynd10), is highly expressed in the transcriptome of developing chordotonal (Ch) sensory neurons, 45 which are proprioceptors with motile mechanosensory cilia. 46 In situ hybridization of whole embryos by standard methods with the use of a digoxygenin-labeled RNA probe was restricted to developing Ch neurons and was notably absent from other ciliated sensory neurons ( Figure 2C and Figures S5A-S5D ). This is mirrored by the expression of a Zmynd10-mVenus fusion gene, which was constructed from the entire Zmynd10, including 1.5 kb of upstream flanking sequence ( Figure S5I ). The Zmynd10-mVenus fusion gene was expressed in embryonic Ch neurons ( Figure 2D ). In the pupal antenna, the fusion gene was also expressed exclusively in the Ch neurons of Johnston's organ; these cells are auditory receptors ( Figure 2E ). Unlike other Drosophila sensory cilia, Ch neuron cilia have the hallmarks of motility: the proximal portion of their 9þ0 axoneme bears dynein arms ( Figure 3H ), and Ch ciliary movement is important for auditory transduction. 48, 49 Moreover, genetic perturbation of dynein-arm components causes Drosophila to be deaf 50 and also perturbs proprioception. 3 In adults, Zmynd10 is specifically expressed in the testes. 51 Thus, Zmynd10 expression correlates exclusively with the development of cells with flagella or motile cilia. Transcriptional regulation of Zmynd10 supports a role in ciliary motility. The transcription factors Fd3F and Rfx were recently shown to coregulate genes for ciliary motility in Ch neurons (including axonemal dynein genes). 3 Indeed, Fd3F is related to vertebrate Foxj1, which is strongly linked to the differentiation of cells bearing motile cilia. [52] [53] [54] Zmynd10 expression in Ch neurons was greatly reduced in Rfx 49 and fd3F 1 mutant embryos 3, 55 ( Figures S5E-S5G ). The region immediately upstream of Zmynd10 (which supported Ch-neuron-specific expression of the Zmynd10-mVenus fusion gene) contains conserved binding motifs for these factors ( Figure S5I ). In summary, expression of Zmynd10 is confined to the only Drosophila cells bearing a motile cilium or flagellum, and its expression is dependent on the transcription factors that regulate motile cilia. Fly stock p{EPgy2}CG11253 EY10886 (obtained from the Bloomington Stock Center [Indiana Univerisity]) contains a P element inserted in the last intron of Zmynd10 ( Figure S5I ). In situ hybridization showed that Zmynd10 mRNA appeared to be strongly reduced or absent in embryos homozygous for this P element insertion, indicating a strong loss-of-function mutation ( Figure S5H ). Homozygous Zmynd10 EY10886 flies are viable and have no visible morphological defects. However, a climbing assay revealed that they are uncoordinated ( Figure 3A ). This phenotype was not observed in revertant flies in which the P element had been excised from the Zmynd10 locus, and coordinated locomotion was completely restored by the introduction of the Zmynd10-mVenus fusion gene ( Figure 3A) . Together with expression-pattern data, this suggests that Zmynd10 EY10886 homozygotes have defective proprioception as a result of malfunctioning Ch neurons. Indeed, antennal Ch neurons are also defective, given that Zmynd10-mutant flies have recently been reported to be deaf. 50 Ch neuron structure was examined by immunofluorescence in embryos, larvae, and pupal antennae. No gross morphological defects in Ch neurons or their terminal cilia were observed with morphology markers (Figures 3B-3D) . Compartmentalization of the Ch neuron cilium also appeared normal in that it had correctly localized markers of the proximal motile zone (GT335, anti-polyglutamylated tubulin) and distal sensory zone (the TRPN channel, NOMPC) 56 ( Figure S6 and data not shown). This suggests that there are no general defects in ciliogenesis, compartmentalization of the cilium, or intraflagellar transport (IFT). Ch cilium ultrastructure was examined by TEM of Johnston's organ in the adult antenna by Electron Microscopy Research Services, Newcastle University Medical School, as described previously. 3 This revealed the presence of a normal 9þ0 cilium on each Ch neuron dendrite. However, the proximal axonemal zone showed a reduction in observable dynein arms ( Figures 3H and 3I ). Both ODAs and IDAs were reduced, and IDAs were possibly affected more strongly (Table S7) . Localization of the protein encoded by Zmynd10-mVenus was most strongly observed in the Ch neuron cell bodies, but less reached the inner dendritic segment (Figures 3E-3G) . A low level was also observed in the cilium, although this did not extend to the tip. Homozygous Zmynd10-mutant males were infertile given that they produced no offspring when crossed to wild-type females (n ¼ 60). In mutant males, the testes appeared normal and contained developing sperm bundles A box and whisker plot of climbing assay for proprioceptive defects. Twenty 2-to 7-day-old flies were placed in a measuring cylinder, and then after a 1 min recovery period, they were banged to the bottom of the cylinder, and the height climbed in 10 s was then recorded. Homozygous mutant Zmynd10 EY10886 flies performed significantly less well in this assay than did the ''wild-type'' revertants (in which the P element had been lost by excision) (p < 0.0001). The Zmynd10-mVenus fusion transgene completely restored the climbing behavior of homozygous mutant flies (''rescue''). Significance was determined by a Kruskal-Wallis test (H ¼ 35.48; n ¼ 44, 42, and 28; p < 0.0001) followed by a Dunn's test. (B and C) The lch5 neuron cluster from an embryonic abdominal segment stained with FUTSCH (magenta) and anti-HRP, which detects the cilium at this stage (green). In mutant embryos, the cilia are present and appear grossly normal in length. ( Figures 4A and 4B) . TEM showed that the sperm bundles generally consisted of 64 sperm (data not shown), suggesting that spermatocyte divisions and sperm differentiation were largely unaffected. However, motile sperm were never observed in testis dissections; indeed, the seminal vesicles were completely devoid of sperm, suggesting that the sperm were not transferred from the testes to the seminal vesicles ( Figures 4A and 4B ). This phenotype is similar to that of mutants of Dic61B, a testis-specific dynein intermediate chain homolog. 57 TEM showed sperm flagella with a partial loss of dynein arms ( Figures 4C and 4D ), and 12% (n ¼ 384) showed axoneme splitting, whereby one or more doublet complexes became detached from the rest of the axoneme ( Figure 4E ). This might suggest impaired nexin or radialspoke connections. An additional phenotype was the presence of ectopic luminal filaments (electron-dense cores) within the ''A'' microtubule of some doublets ( Figure 4D) . Interestingly, these phenotypes have also been reported to be associated with mutations in the axonemal b2-tubulin gene B2t 6 . Like Zmynd10-mutant males, B2t 6 -mutant males generate largely intact but immotile sperm with missing ODAs. 58 Recently, mutations linked to PCD were reported in LRRC6 (MIM 614930), whose Drosophila ortholog is touch-insensitive larval B (tilB). 29, 30 The tilB-mutant phenotype, developmental expression pattern, and protein subcellular localization all closely resemble that of mutant Zmynd10. 59, 60 These similarities suggest that their two encoded proteins might function together, and indeed, a Zmynd10 interaction was reported in a large-scale interaction mapping of the Drosophila proteome. 61 Given these links, we investigated whether human ZMYND10 and LRRC6 interact. Human ZMYND10 and LRRC6 cDNAs were cloned into pGADT7 activation-domain and pGBKT7 DNA-binding-domain vectors for use in a Matchmaker yeast two-hybrid assay according to the manufacturer's protocols (Clontech). A clear interaction between these proteins was revealed ( Figure 4F ). In the same assay, the p.Val16Gly and p.Leu266Pro variants of ZMYND10 still showed interaction with LRRC6 ( Figure 4G ). Furthermore, deletion analysis of ZMYND10 showed that the (H) A box and whisker blot shows the progeny produced by single male flies. Zmynd10-mutant males (''mutant'') were infertile, but fertility was restored with the rescue transgene (''rescue''). A two-tailed Mann-Whitney test shows that restoration of fertility was significantly less with a rescue transgene containing the p.Val14Gly missense variant (''rescue V14G'') (U ¼ 586; n ¼ 40, 40; p ¼ 0.0385). For fertility analysis, 40 2-to 5-day-old males were crossed individually to wild-type females. After 2 days of prelaying, flies were transferred to new vials and were allowed to lay eggs for 3 days. Progeny from the latter were counted.
interaction strictly required the MYND zinc-finger domain ( Figure 4G ). To further confirm the interaction between the two proteins, we performed a GST pull-down assay on Myc-tagged in-vitro-translated LRRC6 by using either GST or GST-ZMYND10. After electrophoresis of the washed GST samples alongside a sample of the Myc-tagged LRR6 (input), the immunoblot was probed with Myc antibody and showed specific binding of the GST-ZMYND10 only ( Figure S7 ). We used the fly to model the putative hypomorphic effects of the p.Val16Gly missense variant that correlated with retained ciliary beating activity in affected individuals. We found that fertility and sperm motility in mutant male flies were completely rescued by the introduction of the wild-type Zmynd10-mVenus fusion gene. When the PCD-associated variant, p.Val16Gly, was engineered into the fusion gene (p.Val14Gly in the Drosophila protein) by site-directed mutagenesis with the StrataClone QuikChange 2 kit (Stratagene), fertility was restored, but not as fully as for the wild-type protein ( Figure 4H) .
In this study, we have shown that recessive loss-of-function mutations in ZMYND10 underlie PCD with abnormal axonemal ODA and IDA assembly. This study expands our current understanding of the genetic heterogeneity underlying PCD, given that ZMYND10 is the seventh gene associated with disease arising from dual IDA and ODA defects and static cilia; in this study, its mutations caused 16% (6/38) of the cases of IDA and ODA defects. We identified two predicted frameshift and three missense variants in ZMYND10; notably, one missense change (p.Leu266Pro) affects the first leucine residue of one of the protein's key predicted protein-interaction domains, a conserved LxxLL sequence motif. Being found present on six disease chromosomes in four out of six families affected by ZYMND10-associated PCD in this study, the c.47T>G (p.Val16Gly) missense variant could possibly represent a common European-founder-effect mutation, and we investigated this further by deriving haplotype data from SNPs surrounding the variant in the three affected individuals who carry the variant and for whom exome data are available (Table S1) . A shared 1.6 Mb haplotype spanning the c.47T>G (p.Val16Gly) variant could be derived, which seems likely to indicate a common ancestral mutation event, but the uninformative nature of the SNP markers within this region prevented firm conclusions (Table S8 ). These findings can inform future developments in both genetic testing and gene-based therapeutic strategies for PCD and will thus be useful for improved diagnosis, counseling, and carrier testing in families affected by PCD.
In affected individuals, we noted a difference in the ciliary dysmotility conferred between different ZMYND10 mutations, given that the homozygous inheritance of the c.47T>G (p.Val16Gly) missense variant was found to correlate with retention of cilia motility. The equivalent p.Val16Gly-containing protein was still able to rescue the male infertility phenotype of mutant flies but did so less completely than the wild-type protein, supporting the idea of some retention of function. Despite the fact that we found a cellular genotype-phenotype correlation for PCD, suggesting that c.47T>G (p.Val16Gly) is a functionally more ''mild'' allele than a complete null, the clinical significance is unclear: affected individuals carrying the homozygous c.47T>G (p.Val16Gly) mutation still exhibit ineffective mucociliary clearance and classic disease symptoms.
The presence of the LxxLL motifs in the conserved ZMYND10 is intriguing. This motif was first identified in diverse transcriptional coactivators recruited to nuclear receptors in the presence of an agonist, including histone acetyltransferases and histone lysine demethylases (p160s, p300 [also known as CBP], and KDM1A). 62 Several proteins with LxxLL motifs have been well studied structurally and functionally. Our PCD-associated p.Leu266Pro variant is of interest because it represents an amino acid substitution associated with a human disease in an LxxLL motif. Potentially, ZMYND10 could interact with transcription factors and related coregulator complexes in the cytoplasm and thereby influence the expression of other proteins that are known to cause PCD when deficient. Consistent with this, ZMYND10 has been shown to interact with the TSC22D4 (also known as THG1) corepressor and RNA-processing enzyme. [63] [64] [65] However, there is no evidence supporting a direct transcriptional regulatory role for ZYMND10 as of yet. The alternative possibility based on our findings, including the protein interaction revealed between ZMYND10 and LRRC6, is that ZMYND10 plays a direct role in the assembly of the IDAs and ODAs into the axoneme by interacting with the essential family of cytoplasmic dynein-arm preassembly factors that have already been associated with the etiology of PCD. In this case, our study might have identified a mechanism whereby the LxxLL motifs common in transcriptional regulatory complexes play a role in the formation of non-transcription-related complexes, as has been observed for the highly specialized LD motif (LDxLL) found in the paxillin superfamily. 66 Further studies are therefore warranted to provide insight into the role of the LxxLL motifs identified in ZYMND10 and their potential role in dynein-arm assembly.
We have shown here that Drosophila can be used as a suitable model organism for PCD in that it possesses two unique systems available for motile axonemal and ciliogeneis characterization and genetic manipulation: the Ch sensory neurons and the male reproductive system. The heritable mutations mimicking human PCD can be investigated in flies with the use of relatively simple neurological and fertility assays, providing an in vivo platform for modeling PCD-related gene function both for understanding the underlying cellular basis and for testing the ability of PCD-associated variants to rescue the fly mutations. This model will thus be widely applicable to advancing our understanding of the genetic and cellular basis of PCD.
Using this model organism, we determined that Zmynd10 has a highly restricted expression pattern and function confined to motile-ciliated cells and sperm. The developmental expression of Zmynd10 in relation to cilium formation in Ch neurons showed that Zmynd10 expression in developing neurons precedes expression of dynein genes and completion of neuronal terminal differentiation and cilium outgrowth by at least several hours ( Figures S5A-S5C) , 3 which suggests that Zmynd10 plays a developmental role in dynein-arm synthesis, assembly, or transport. In flies, we were also able to localize ZMYND10 primarily as a cytoplasmic component of cells containing motile cilia. Its mainly cytoplasmic localization is reminiscent of that of three other proteins linked to ODA and IDA loss in PCD: DNAAF1, DNAAF2, and DNAAF3, which are regarded as dynein-arm assembly factors. 24, 26, 27 Our data showing that human ZMYND10 interacts with the reported cytoplasmic dynein assembly factor LRRC6 further supports a role for ZMYND10 in the dynein-arm assembly process that causes PCD when deficient.
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